Background: Understanding the mechanism of developmental regulation of hemoglobin switching has scientific as well as clinical relevance because of the influence of fetal hemoglobin (HbF) production in adulthood on the clinical manifestation of thalassemia and sickle cell anemia. We have previously found that the normal developmental patterns of globin gene expression are recapitulated in an experimental system of primary cultures that support differentiation of erythroid progenitors. We further found that high activities of the transcriptional activators, GATA-1 and SPI, are associated with normal adult erythroid differentiation. Materials and Methods: In the present work, we have studied the activities of GATA-1 and SPI during differentiation of cultured erythroid progenitors derived from cord blood and from fetal livers, as well as from ,3O-thalassemia patients. Results: The results showed high GATA-1 binding ac-
INTRODUCTION
Elucidation of the mechanism underlying developmental regulation of hemoglobin switching has important medical implications. For example, elevated fetal hemoglobin (HbF) (a2y2) production in adult patients with sickle cell anemia or f3-thalassemia ameliorates the disease symp-298 Molecular Medicine, Volume 1, Number 3, March 1995 clonal model, on the other hand, invokes distinct progenitors and separate pathways (2) .
Our previous studies demonstrated that adult and neonatal patterns of globin gene expression are recapitulated in liquid cultures that support proliferation and differentiation of erythroid progenitors (3) . The cultures are grown in two phases: first the early progenitors, burst forming units, erythroid, (BFUe), proliferate and differentiate into colony forming units, erythroid (CFUe). Further differentiation and maturation, including globin gene expression and hemoglobin biosynthesis, is erythropoietin (EPO) dependent (4) . In our experiments (3), cultured adult progenitors, from peripheral blood, gave rise primarily to the ,B-and a-globin expressing cells, while progenitors of neonate cord blood (CBL) differentiated into cells that also synthesized high levels of y-globin mRNA. Those experiments suggested that the fetal progenitors are distinct from adult progenitors and that CBL contains a mixed population of both. The peak of y-globin gene expression usually preceded that of f, implying that fetal progenitors tend to differentiate faster than the adult ones.
We further found that the appearance of globin mRNA in adult cultures was preceded by a burst in the level of GATA-1, which was triggered by the addition of EPO (5) . GATA-1 is a major transcriptional activator of erythroid differentiation (6, 7) , regulating a number of erythroid specific genes, including globin (8) . We observed a parallel rise in the level of the ubiquitous factor, SPI, indicating that not only GATA-1, but also SPI participates in adult erythroid maturation. Additional evidence for the role of SPI in human erythroid differentiation comes from other studies. Analysis of binding of transcriptional factors at the /3-globin locus control region (LCR) suggested that the combination of SPI and GATA-1 plays a role in the high levels of globin gene expression (9) . It was also found that GATA-1 and SPl interact at the 'y-globin promoter. Depending on their concentrations, this interaction led to synergistic transcriptional activation or to interference (10) . Furthermore, it has been reported that the levels of GATA-1 and SPI play an important role in the mechanism of globin switching in the chicken (11) . Primary cells of the primitive erythroid lineage were found to contain 10-fold more of these two factors than did cells of the definitive erythroid lineage.
In the present work, we analyzed the activities of GATA-1 and SP1 in primary cultures derived from CBL, mid-gestation fetal livers, and adult ,3-thalassemia patients with high and low HbF production. Our The liver tissues were finely minced and dispersed by pipetting. The cultures were grown in two phases as previously described (3, 4) . The dispersed liver cells, or buffy coats of the blood samples, were cultured in the presence of conditioned medium from human bladder carcinoma cells for 7 days (from Day -7 to Day 0). The cells were then washed and recultured in medium supplemented with 1 U/ml recombinant EPO. Microscopic slides were prepared by cytospin, following lysis of the enucleated red blood cells with H20, and stained with May-Grunwald Giemsa. Hemoglobinized cells were identified by the benzidine peroxidase reaction (12) . RNA Analyses RNA was purified from cytoplasmic miniextracts, prepared in parallel to nuclear extracts (13, 14) from a total of 2 X 106 cells. Reverse transcription (RT) was performed with oligo(dT).
The primers for PCR were the following: for ,y-globin, the 5' primer was ACAAGGCTACTAT CACAAGCCT (exon 1), and the 3' primer was CTITATGGCATCTCCCAAGGAA (exon 2); for ,3-globin, the 5' primer was CACCTTlGCCA CACTGAGTGA (exon 2), and the 3' primer CCA GATGCTCAAGGCCCTTC (from the untranslated region 3' to exon 3). The amplification cycle was 92°C for 1 Intensities of the shifted bands were determined by phospho-imaging of the gels using the Bio-Imaging Analyzer, BAS 1000, FUJIX.
RESULTS

GATA-1 and SPI Activities in Erythroid
Progenitors Derived from CBL To gain an insight into the mechanism of hemoglobin switching, we examined the factors GATA-1 and SP1 in differentiating progenitors derived from CBL. Samples of CBL were grown in the two-phase liquid culture system (4). In the first phase, mononuclear cells were cultured with conditioned medium containing hemapoietic growth factors not including EPO. EPO was added at the beginning of the second phase. Samples were taken at different time points, and nuclear extracts were prepared. We found that, similar to the adult cultures, high levels of GATA-1 binding activity were present on Days 7-12 ( Fig. la and b ). However, while the level of SPI in the adult cultures rose in parallel to that of GATA-1 (5) (see also Fig. 3d ), in the CBL culture SP1 was very low on Days 7 and 9, and increased substantially, to adult level, only on Day 12. These observations are consistent with the notion that CBL contains a mixture of adult and fetal progenitors. We concluded that the high GATA-1 and SPI (seen on Day 12) characterize the adult progenitors present in the culture, which appear to differentiate more slowly than the fetal progenitors. We attributed the high GATA-1/low SPI activities seen on Days 7-9 to the differentiating fetal cells. Therefore, the results implied that the fetal erythroid differentiation program is associated with high GATA-1 activity and low SP1.
Differentiation of Fetal Liver Progenitors in Liquid Culture
To obtain more direct evidence we proceeded to investigate differentiating erythroid cultures derived from midgestation human fetal livers, as a source of pure fetal progenitors. Livers were obtained from aborted fetuses (Week 19-20 gestational age) and single-cell suspensions were prepared. Those included a large proportion of nucleated, hemoglobinized erythroid cells (orthochromatic normoblasts). The cells were plated with conditioned medium (Day -7). Three days later (Day -4) a small number of nonhemoglobinized erythroid cells (pronormoblasts and basophilic normoblasts) appeared. Those were presumably cells that were beyond the CFUe stage, and already EPO-induced, when placed in culture. During the first phase, the number of the nucleated erythroid cells decreased dramatically, due to enuclation of the orthochromatic normoblasts and cell death. The early erythroblasts, which were visible on Day -4, did not give rise to hemoglobinized cells, since they probably died in the absence of EPO. After EPO addition (Day 0) significant erythroid proliferation and differentiation ensued. The differentiation of a representative culture after EPO addition is shown in Fig. 2a .
Globin mRNA was analyzed by the RT-PCR procedure. As seen in Fig. 2b, cells Fig. 2 are presented in Fig. 3a and b, and summarized graphically in Fig. 3c . Two additional fetal liver cultures gave similar results (not shown). EPO was added on Day 0. This was followed by an increase in the level of GATA-1, with a peak on Day 6, while the level of SPI remained low throughout the culture period, in contrast to adult cultures, in which SP1 activity was significantly higher and its kinetics paralleled that of GATA-1 (compare Fig. 3c and d Fig. 3a and b. In the fetal liver cells harvested on Day -7, when the culture first started, the levels of both transcription factors were high, consistent with the presence of adulttype f3-globin expressing cells. The levels of both transcription factors decreased as those (presumably BM-derived) cells matured. Before replating the cells in the second phase (Day 0), the culture was divided, and part was grown without EPO. Neither GATA-1 nor SPI activities were detected in the absence of EPO throughout the culture period (Lanes 16-19, Fig. 3a and b) . Those nuclear extracts were positive for the ubiquitous transcription factor OTF-1 (data not shown), which served as an internal control for nuclear protein extraction. These results corroborate that GATA-1 binding activity is (Fig. 4a) , homozygous for the 13-globin mutation IVS2-1, has a mild form of thalassemia (intermedia) owing to very high HbF production ('y/a chain synthesis ratio 0.42 at the age of 27 years). His high HbF production in adulthood is not due to y-globin promoter mutations but to an unidentified factor that functions in the presence of anemic stress (20) . As seen in Fig. 4a , his cultured erythroid cells present a "fetal" pattern (high GATA-1 /low SP1 levels), supporting the model of persistent recruitment of fetal progenitors in adulthood. Additional evidence comes from other parameters associated with fetal erythropoiesis: high titer of i antigen, an elevated level of Gy (42%) and extensive (40%) y-globin DNA hypomethylation (in his erythroid cells) (21) . On the other hand, his niece (Patient B, Fig. 4b ), who is also homozygous for the same ,B-globin mutation, has a severe clinical form of thalassemia (major) without high HbF (,y/a chain synthesis ratio 0.24 at the age of 2 years). Because of the low number of cells, only two time points were analyzed. Her culture differentiated rapidly, and the samples represent the later stages of erythroid differentiation. Nevertheless, it can be seen that she presents "adult" pattern of transcription factors (significant SPI activity, which parallels GATA-1). Likewise, an unrelated patient (Patient C, Fig. 4c (23) . Similarly, .0, GATA-1 binding activity; 0, SP1 binding y-globin synthesis followed the administration of butyrate closely (24) . These findings suggest that the function of these drugs was exerted on cells that were already well on the maturation path- way, after the point of commitment to the adult program. Furthermore, experiments in erythroid cultures (grown similarly to those studied here) showed that both hydroxyurea and butyrate derivatives significantly elevated -y-globin expression when added to the cultures 4 days after EPO (25, 26) , beyond the CFUe stage. We suggest that the activation of HbF by these agents is not via recruitment of fetal progenitors, but by a fundamentally different mechanism. We hypothesize that the adult progenitors are capable of increased HbF production when appropriately triggered. In the adult progenitor, the complete f-globin gene domain has an "open" chromatin configuration due to the activity of the LCR (27, 28) . We postulate that this "open" chromatin state, in the absence of specific repressors (such as the e-globin gene silencer [29] ), allows y-globin gene expression to be turned on in response to nonspecific, general gene activators.
Further studies are needed to clarify this issue, which has important therapeutic implications.
